Abstract---The most prominent authigenic reaction in Holocene tuffaceous sediments at Teels Marsh, Nevada, is the hydration of rhyolitic glass by interstitial brines and the subsequent formation of phillipsite. This reaction has the form: rhyolitic glass + H20 ~ hydrous alkali alumninosilicate gel ~ phillipsite. Phillipsite is the most abundant authigenic phase in the tuffaceous sediments (>95%), analcime is the next most abundant phase, and clinoptilolite occurs as a trace mineral in the <2-ram fraction. Analcime forms by the reaction of phillipsite and Na +. Gaylussite and searlesite also are common authigenic phases at Teels Marsh. The concentration of silica in the interstitial brines is controlled by one or more of the authigenic reactions at less than 100 ppm. A stoichiometric equation for the reaction of phillipsite to analcime at Teels Marsh is: 0.43Na + + K0.4aNao..~rAISi3.~Os.2"3.2H~O---> NaAISi2Or. H20 + I.IH4SiO4 + 0.43K +.
INTRODUCTION
Studies of zeolites in saline-lake environments have examined the alkalic zeolites (phillipsite, clinoptilolite, erionite, mordenite, and chabazite) that commonly form by the reaction of volcanic glass with saline, alkaline solutions (Sheppard and Gude, 1968 , 1969 , 1973 Hay, 1966 Hay, , 1970 Surdam and Parker, 1972; Surdam and Eugster, 1976) . Investigations of ancient alkaline lake deposits have established paragenetic sequences for the formation of alkalic zeolites from volcanic glass (Surdam and Sheppard, 1978) . However, a complete understanding of the reactions between the volcanic glass and the saline, alkaline solutions requires some knowledge of the initial composition of the glass and composition of the reacting solutions. Surdam and Eugster's (1976) study of modern and ancient environments at Lake Magadi, Kenya, documented several zeolitic reactions and provided data for the reaction between volcanic glass and saline, alkaline brines.
The present study concentrated on reactions taking place in the upper ash bed at Teels Marsh, Mineral County, Nevada (Figure 1 ). This ash bed generally occurs approximately 30 cm below the surface and varies in thickness from 1.3 to 5.1 cm. Teels Marsh is similar to Lake Magadi in that it is also a modern saline, alkaline-lake environment, and it contains tuffaceous sediments. It is a typical discharge playa with interior drainage of both ground water and surface water. Teels i Present address: Mobil, P.O. Box 5444, Denver, Colorado 80217.
Marsh represents an almost ideal natural laboratory in which to study the reactions between volcanic glass and alkaline brines because of its limited areal extent (21 km 2) (Drew, 1969) and because the geology (Ross, 1961) and water chemistry (Everts, 1969; Smith, 1974; Smith and Drever, 1976) have been studied extensively. The purpose of this report is to describe the reactions taking place in the tuffaceous sediments at Teels Marsh and to provide a better understanding of the reactions that can occur between volcanic glass and saline, alkaline solutions.
Previous work
Two theses from the University of Wisconsin have added significantly to understanding Teels Marsh. C. H. Everts (1969) described the evolution of the brines at Teels Marsh in detail. Everts drilled 28 holes to approximately 40 feet each, and P. A. Drew studied several cores from this drilling. Drew's investigation involved iron-sulfur-carbon reactions in the playa and the correlation to stratigraphic color changes. Drew (1969) also identified clinoptilolite in the lowermost ashes at Teels Marsh.
GENERAL GEOLOGY
Teels Marsh is located in a block-faulted valley typical of the Basin and Range geomorphic province. Detailed geological studies of Teels Marsh were made by Vanderburg (1937 ), Ferguson et al. (1954 , and Ross (1961, see Figure 1 ). The west-southwest trending Excelsior Range is to the north of Teels Marsh, and Figure 1 . Generalized geologic map of the area surrounding Teels Marsh, Nevada; "M" indicates areas of mineralization (after Ross, 1961) .
mountains to the south. The surrounding mountains provide solutes to the basin. The average precipitation in the mountains is higher than the 15 cm/yr for the valley floor, and the high evaporation rate of 127 cm/yr (Everts, 1969) yields a high evaporation to inflow ratio which is typical for an ephemeral lake such as Teels Marsh . The closed basin in which Teels Marsh is located fits the general description of the characteristics of the saline lake deposits of Hardie et al. (1978) . The "subenvironments" found at Teels Marsh as described by Hardie et al. (1978) are: (1) alluvial fan, (2) sandflat, (3) dry mudflat, (4) ephemeral saline lake, (5) dune field, and (6) springs.
Source of the upper ash bed
Although the upper ash bed at Teels Marsh has not been dated, its age may be estimated and a source suggested. Hay (1966) cited a C 14 date of gaylussite from Teels Marsh at 10,760 +_ 400 years B.P. The gaylussite was collected from a depth of 5.5 m which is 1.2 m below the lowest tuff indicating possible zeolitization in the lowest tuffin less than 10,000 years. Hay suggested an age for the uppermost ash bed of about 1000 years. Figure 2 ). At each sample location, a shallow pit (1-2 m deep) was dug exposing the upper ash bed. Samples from the ash bed, the sediment above, and the sediment below the ash bed were collected in plastic pipe 15.5-cm long and 6.5 cm in diameter. The interstitial brine was squeezed into a syringe using a technique similar to that described by Smith (1974) . The brine was squeezed in the original plastic cylinder so that contact with the atmosphere was held to a minimum. The pH and the temperature of the brine were recorded as it was being squeezed into the syringe. The pH was measured using a SargentWelch S-30070-10 Glass Combination Electrode. The squeezing apparatus included two 0.45-ram Miilipore filters which filtered the brine before it entered the syringe. The samples were transferred from the syringe directly into plastic bottles and sealed with plumber's tape. Samples A-F were squeezed in the field; however, due to adverse surface conditions on the playa, samples G-X were sealed in plastic pipe and refriger-ated until they were squeezed. All samples were squeezed within 12 hr of collection. Eighteen samples were collected in March 1977, and the remaining 54 samples were collected in June 1977. Samples of several springs along the fringes of the lake were also collected in l-liter polyethylene bottles. The temperature and pH of the samples were measured in the field, and the samples were then sealed until analysis.
ANALYTICAL METHODS
All ash samples were examined by standard X-ray powder diffraction (XRD) methods (Carroll, 1970) using a GE XRD-5 instrument and Ni-filtered CuKa radiation. The clay mounts were made using the membrane-peel technique of Drever (1973) . Selected samples were also examined in thin sections and by scanning electron microscopy (SEM) using a JEOLCO instrument. The amount of calcium carbonate in the sediments was determined by a colorimetric method using acid decomposition (S. W. Boese, Department of Geology, University of Wyoming, Laramie,Wyoming, personal communication). Near-monominerallic separates for chemical analysis were prepared by gravity separation, using diluted heavy liquids. XRD patterns and optical examination in immersion oil showed less than 5% impurities in these fractions; however, corrections were not made for these impurities.
The major elements, total Fe, Ca, Na, Mg, K, and AI, were determined using a Perkin Elmer Model 403 Atomic Absorption Spectrophotometer. Alkalinity, as defined by Stumm and Morgan (1970) , was measured in the brine by titration with 0.0206 M HCI using a Brinkman (Metrohm) Automatic Titrator. A BuchlerCotlove Chloridometer Automatic Titrator was used to determine the amount of chloride. Fluoride was determined using an Orion fluoride ion selective electrode. A colorimetric procedure (American Public Health Association, 1971) was used to determine phosphate using a Varian 635D UV-VIS spectrophotometer. Boron was determined by titration with NaOH and Mannitol (Jeffery, 1970) . Silica was determined colorimetrically (Fanning and Pilson, 1973) and sulfate was determined by X-ray fluorescence.
Estimates of the precision for the various techniques are as follows: (1) sediments and ash beds (absolute precision), Mg and Ca = _+0.03%; SiO2 = _+0.2%; AI = _+0.2%; Fe, Na, and K = _+0.1%; inorganic calcium carbonate = _+0.05%; (2) brine samples (relative precision), Na, C1, alkalinity, and CO3 = -+ I%; K = -+2%; Ca = _+10%; Mg and HCO3 = _+5%; SiO2 and P = _+2%; F and B = _+5%; and AI = +1 ppm; (3) water samples, K, Ca, and SiO2 = _+2%; Na, C1, alkalinity, HCO3, and P = -+ 1%; Mg, F, and B = -+5%; and pH = -+ 1. Charge balance for all samples, except those specified, is within 5%. Brine and sediment samples A-F and all spring samples were analyzed by S.
W. Boese. All other samples were analyzed by the authors under his direction. Table l gives the compositions of the interstitial brines that are associated with the tuffaceous sediments at Teels Marsh. Table 2 gives the composition of the springs, surface waters, lake brines, and interstitial brines that are associated with nontuffaceous sediments at Teels Marsh. The chemistry of the springs was discussed by Smith and Drever (1976) , and the brine chemistry and the evolution of the brines were discussed by Everts (1969) and Smith (1974) . Discussions on the evolution of the brines similar to those found at Teels Marsh can be found in Jones (1966) , Garrels and Mackenzie (1967) , Eugster (1970), and Eugster (1970) . Smith (1974) also described the distribution and the controls on the trace elements in the brines at Teels Marsh.
WATER CHEMISTRY
The brines are essentially sodium chloride waters with carbonate and sulfate the next most abundant constituents. The pH in the brines ranges from 9.0 to 10. l, and the total dissolved solids have a wide range from 20,000 to 300,000 rag/liter. The density of the brines ranges from 1.01 to 1.22 g/cm 3. The activity of sodium in the brines was determined using a specific-ion electrode. Figure 3 shows a map of the distribution of total dissolved solids at Teels Marsh. The distribution in this map is similar to the concentric pattern of the total dissolved solids during 1972 -1973 (Smith, 1974 . The general trend is one of increasing concentration into the center of the lake as would be expected in a closed basin where evaporation exceeds inflow. The chemistry of the intersitial brines is controlled by evaporative concentration and the precipitation of minerals from solution (Smith, 1974) . Everts (1969) suggested three stages in the evolution of the brines: (1) Hydrolysis of silicates from silica-rich volcanic and granitic rocks releases alkali and alkaline earth cations and bicarbonate. The bicarbonate then precipitates along with Ca and Mg near the playa margin using the mechanism previously suggested; (2) The loss of some sulfate takes place by evaporative precipitation ofburkeite [Na6(CO3)(SO4)2] or by the reduction of sulfate to sulfide in the muds by bacteria; (3) Halite and other alkali chlorides precipitate. This evolution scheme seems to fit the path of a sodium/carbonate/sulfate/chloride-rich brine of Eugster and Hardie (1978) .
In summary, the brines in the Teels Marsh basin are very rich in Na, bicarbonate-carbonate, chloride, and sulfate, but they are conspicuous by the near absence of Ca and Mg.
MINERALOGY
The mineralogy of the tuffaceous rocks and mudstones at Teels Marshcan be characterized by several groups of minerals: (1) detrital silicates, (2) saline minerals, (3) calcite, dolomite, and gypsum, (4) quartz, (5) searlesite, and (6) authigenic zeolites. Table 3 shows the distribution of the mineral assemblages that are associated with the tuffaceous rocks at Teels Marsh. Narich plagioclase and microcline are the two common detritai silicates at Teels Marsh. The sources of these silicates are probably the andesite, felsic rhyolite, and quartz monzonite in the area. The clay minerals at Teels Marsh are illite, montmorillonite, chlorite, kaolinite, and mixed-layer clays that probably formed by the weathering of silicates (Smith, 1974) , although some of the clays may be authigenic.
The saline minerals at Teels Marsh are generally efflorescent crusts formed from the brines through evaporative concentration. These minerals are halite, trona, burkeite, and mirabilite, with halite being the dominant saline mineral. Crystal casts of halite also are present in the mudstones. Gaylussite (Na2CO3' CaCO3" 5H20) occurs at Teels Marsh, generally as rhombs (Figure 4) in the sediment samples.
Calcite, dolomite, and gypsum were identified in several samples. Some of the calcite may be detrital, but most of it, along with the dolomite and gypsum, probably precipitated near the alluvial fans and at the edge of the lake (Smith and Drever, 1976) . Calcite rhombs were observed in thin sections of some of the ash samples. Quartz is ubiquitous in the samples from Teeis Marsh and is associated with the authigenic zeolites. Searlesite (NaBSizO6' H20) also occurs at Teels Marsh mainly in the mudstone, although traces are in the upper ash bed.
The authigenic zeolites at Teels Marsh are phillipsite, analcime, and clinoptilolite. The distribution of phillipsite and analcime at Teels Marsh is shown in Figure 5 . Phillipsite in the form of laths (Figure 6 ) is the predom- Figure 3 . Distribution of total dissolved solids in interstitial brines at Teels Marsh. Numbers are in mg/liter • l03.
inant zeolite in the upper ash bed, and it occurs in all ash samples. Analcime also is p r e s e n t in the tuffaceous sediments in the upper ash bed and is associated with phillipsite and quartz. Clinoptilolite occurs in trace amounts and is associated with phillipsite and locally with analcime. Altered and unaltered rhyolitic glass shards are associated with phillipsite in the tuff beds. According to Everts (1969) , the glass at Teels Marsh contains 70% SiO2. A gelatinous material is also associated with phillipsite and rhyolitic glass at Teels Marsh ( Figure 7 ). 
F O R M A T I O N O F A U T H I G E N I C M I N E R A L S

Phillipsite
Phillipsite is the p r e d o m i n a n t zeolite at Teels Marsh. Figure 8 shows that the brines at Teels Marsh are relatively low in silica as c o m p a r e d with Lake Magadi brines. H o w e v e r , the question arises as to why a highsilica rhyolitic glass p r e c u r s o r yields phillipsite, a lowsilica zeolite. Hay (1966) noted a relationship b e t w e e n Table 3 . Mineral assemblages associated with the tuffaceous rocks at Teels Marsh. the Si/AI ratio of the zeolites formed in modern environments and the alkalinity of the solutions in which the zeolites form. Mariner and Surdam (1970) suggested that the relationship between the Si/AI ratio and the pH is the result of the reaction between silicic glass and alkaline solution whereby (1) a gel forms whose Si/AI ratio is controlled by the Si/AI ratio of the solution, and (2) a zeolite forms from the gel whose Si/AI ratio is controlled by the composition of the gel. They also demonstrated experimentally that the solubility of rhyolitic glass increases with increasing pH (see also Surdam and Sheppard, 1978) and that the concentration of dissolved A1 increases with increasing pH but the Si/AI ratio decreases with increasing pH. This second point indicates that at high pH, zeolites such as phillipsite, which has a relatively low Si/AI ratio, are favored over zeolites with high Si/A1 ratios such as clinoptilolite. Surdam and Mariner (1971) were able to separate the gel phase from Teels Marsh samples and, upon heating it to 80~ at autogenous pressures, found that it crystallized to phillipsite. This relationship is illustrated in Figure 9 . Figure 10 shows the lath-like phillipsite that formed in close proximity to the gel. Figure 11 is an SEM photograph showing the dissolution texture of a glass shard and phillipsite that has grown on the outside of the shard. Note the absence of textures that suggest that phillipsite directly replaced the glass.
Analcime
Analcime commonly is found in saline, alkaline-lake deposits (Hay, 1966; Sheppard and Gude, 1969; Hay, 1970: Surdam and Parker, 1972) . Data from studies of tuffaceous sediments indicate that anatcime does not form from the alteration of glass because glass and analcime have not been found in association (Surdam and Eugster, 1976) . Analcime has been found, however, in association with many alkalic zeolites. Surdam and Eugster (1976) reported evidence that erionite altered to analcime at Lake Magadi, and Sheppard and Gude (1969) reported evidence that clinoptilolite and phillipsite altered to analcime. At Teels Marsh analcime is always associated with phillipsite, indicating that phillipsite may be the precursor to analcime. Analcime was not found in association with glass or gel in any of the thin sections or XRD patterns of samples from Teels Marsh.
Other authigenic silicates
Clinoptilolite occurs in trace amounts in some of the samples from the upper ash bed. In addition, searlesite is common in the sediments at Teels Marsh, and gaylussite occurs in the tuffaceous sediments. Relationship between silica (ppm) and pH in the brines (modified from Surdam and Sheppard, 1978) .
C H E M I C A L PETROLOGY
Several authors have studied the chemistry of the phillipsite and rhyolitic glass at Teels Marsh. Table 4 shows the analyses of Hay (1966) and Surdam and Sheppard (1978) . Table 4 also shows the composition of the phillipsite and rhyolitic glass calculated to the Barth Standard Cell. The phillipsite composition from Hay (1966) was derived from a chemical analysis of phillipsite from the third youngest tuff bed at Teels Marsh which occurs at a depth of 2.3 m. The composition of phillipsite and rhyolitic glass (Surdam and Sheppard, 1978) are from microprobe analyses of these materials from the upper tuffbed at Teels Marsh. Based on Berth Standard Cell calculations, the reaction of rhyolitic glass to phillipsite at Teels Marsh involves a loss of silica and calcium and a gain of sodium and potassium. Figure 10 . Photomicrograph of phillipsite (laths) apparently growing from gelatinous material (ropy texture). Unpolarized light.
The phillipsite from Teels Marsh examined in this study has an average Si/AI atomic ratio of 3.3 to 3.4. This phillipsite occurs in association with brines ranging in pH from 9.1 to 10.1. Hay (1964 Hay ( , 1966 described phillipsite from Teels Marsh with an average Si/AI ratio of 3.0 in association with brines ranging in pH from 9.1 to 9.4. The phillipsite synthesized by Mariner and Surdam (1970) came from a gel with a Si/AI ratio of 3.4 in a solution having a pH of 9.1.
Silica solubility
The brines at Teels Marsh are high in alkalies (Na § K § and low in alkaline earths and silica (Surdam and Sheppard, 1978; Taylor, 1978, Figure 8) . The low silica concentration in an alkaline brine is noteworthy, es- Figure 9 . Photomicrograph of glass shard (center of picture) surrounded by gelatinous material (ropy texture, isotropic, density less than 2) and phillipsite apparently growing from gel (lath-like crystals). Unpolarized light. pecially because the alkaline brines involved in hydrating the rhyolitic glass release silica into solution (Table 4 ). The lack of silica in the brines has been explained by the presence of abundant boron in the brines and the presence of searlesite in the sediments. Surdam and Sheppard (1978) suggested that the boron content of the brines at Teels Marsh is high enough that the precipitation of searlesite effectively controls the silica content of the brines.
THERMODYNAMIC DATA
The equilibrium constant (Keq) for the reaction phillipsite --o analcime and the free energy value (AG) for phillipsite can be estimated using the chemical data and mineral reaction described in this paper. Figure 12 shows the activity ratios of brine samples that are associated with the upper tuffbed at Teels Marsh plotted on a stability-field diagram of phillipsite and analcime. An important factor in dealing with supersaline solutions is the increased possibility of complexing. For this reason, a computer program was written to calculate the molalities and activities of several ions correcting for complexing in the brines. -~ A linear regression on the hydrogen-normalized sodium vs. potassium data for phillipsite and analcime determined the stability-field boundary between phillipsite and analcime (Figure 12 ). The slope of the line is 1.0, and the y-intercept is 2.94. A stoichiometric equation for the reaction phillipsite ~ analcime is: 0.43Na + + K~.43Na0.57AISi3.~Os.2. 31-120 --* NaA1Si206"HzO + 1.1I-I4SiO4 + 0.43K +.
The equilibrium constant (K) for this reaction is: Figure 12. Stability diagram for analcime and phillipsite in system K20-Na~O-A6Oa-SiO2-HzO at 25~ and 1 arm pressure (Garrels and Mackenzie, 1971) . The activity ratios of interstitial brines from Teels Marsh are plotted on diagram. The solid line was determined by linear regression. The dashed line is from Garrels and MacKenzie (1971) for the reaction analcime K-feldspar. (The correlation coefficient for the linear regression is 0.979.) above, the silica concentration of the brines is relatively constant with time.
Using Eq. (2) and assuming that the aH,sio, = constant = 2.94 • 10 -4 M, it follows that:
or log K' = 0,43 log aK~ -0.43 log aNa.,
or log K' = 0.43 log(aK+/a,.) -0.43 log(aNaJa~+). (5) Thus, log(aNa+/aH+) = log(aK+/aH+) -log K'/0.43.
To compute K' using the y-intercept from Figure 12 , the variables must be in the proper form, Thus, Eq. (6) must be multiplied by 2. It follows that: Surdam and Sheppard (1978) . Chemical analysis from Hay (1966) . 3 Calculated with respect to the A1 content of rhyolite Barth Standard Cell, from Surdam and Sheppard (1978) . stoichiometric; (5) the experimental error related to sample collection and to measuring activity coefficients with specific-electrode equipment; (6) the unaccounted-for complexation; (7) the assumption that thermodynamic equilibrium was established between phases. The above discussion leads to an important insight into the formation of zeolites in saline, alkaline-lake deposits. By using Eqs. (3) and (11) it is possible to compute the (aNa./aH.) ratio necessary to convert phillipsite to analcime at Teels Marsh. From Eqs. (3) 
The activity ratios listed in Table 5 suggest that many 2 log(aNa+/a.+) = 2 1og(aK+/aH+) --2 log K'/0.43, (7) of the brines associated with the upper tuffare in equior log(aNa+/a,.) 2 = log(aK./aw) 2 -2 log K'/0.43, (8) librium or oversaturated with respect to analcime. Furthen y intercept = -2 log K'/0.43 = 2.94 and (9) thermore, from Figure 12 there is some suggestion that log K' = -6.63. (14) the Marsh characterized by highly saline and alkaphillipsite line waters, commonly is completely altered to philthen p~iOsite = h~Q~ 1-1AG~ + 0-43AG~ 9 lipsite in 1000 years.
-0.43hG~ --AG O of reaction (I) . 3. In some parts of the Marsh, analcime has begun to (15) form as a result of the reaction of phillipsite with Na+-rich brines. A stoichiometric equation for this Using the free energy values for H4SiO4, K § and Na § reaction is: 0.43Na § + Ko.43Nao.srAlSi3.1Os.~'3.2HzO from Garrels and Christ (1965) and for analcime from --~ NaAISizO6"H~O + 1.1H4SiO4 + 0.43K § Robie and Waldbaum (1968) , it follows that: 4. Using the above reaction, the estimated AG O ofphil-AG O = (-734.26 -330.33 -29.01 + 26.91 -6.16) lipsite forming at Teels Marsh, Nevada, is -1072.8 phillipsite kcal/mole, kcal/mole at 25~ and 1 atm pressure.
= -1072.85 kcal/mole (1 atm, 25~
